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INTRODUCTION 
The duve lopen t  o f  t h e  polybenzimidazoles’ and the  polyimides2 repre-  
s en t  R mnJor advance i n  t h e  recent  research on high temperature Folymers. 
;;Lurierous o the r  novel polymers3 have followed which show comparable re- 
s i s t a n c e  t o  hea t ,  One of t h e  primary reasons f o r  t h e  high l e v e l  of  s t a b i l i t y  
of t he  aronat ic-heterocycl ic  polymers l i e s  i n  t h e  inherent  s t a b i l i t y  of 
t h e i r  fused r ing  systems; however, po ten t i a l ly  weak po in t s  i n  t h e i r  s t r u c t u r e s  
are t h e  s i n g l e  l i n k s  along the  chains.  
pa ra t ion  of ladder  (two-strand) polymers would represent  t h e  next p l a t eau  
i n  thermally-s table  organic polymers. Theoret ical  s t u d i e s  of  t h e  degradation 
of  lacider polymers5 support  t h i s  view. 
It has been proposed4 t h a t  t h e  pre- 
I n  cases  where chain sc i s s ion  is  considered t o  be an equi l ibr ium pro- 
c e s s ,  then  degradation of s ing le  chain polymers w i l l  occur with each break 
i n  t he  rnain chain s ince  t h e  fragmented ends can sepa ra t e  permanently. 
I :omvcr ,  when a break occurs a t  any point along a ladder  polymer, t h e  second 
strarxl keeps the  e n t i r e  polymer system in t ac t  and t h e  c lose  proximity of 
tnc fragnented ends makes recombination probable. Furthermore, t he  statis-  
t i c a l  l i ke l ihood  t h a t  a second break w i l l  occur adjacent  t o  t h e  f i r s t  i s  
q u i t e  small .  ____, * -
S i  ngle-chai n Sc i s s ion  and separa t ion  
Sciss ion Recomb i n  a t  i on / Laducr  
Xon-acijacent double s c i s s i o n  . .  - Add acent  double s c i s s i o n  
It i s  apparent t h a t  i f  t h e  s ing le  l i nks  of t h e  polybenzimidazoles and 
?olyimides a re  reduced o r  e l iminated by fusing t h e  two s t r u c t u r e s  toge ther ,  
a much g r e a t e r  degree of  thermal and rad ia t ive  s t a b i l i t y  should r e s u l t ,  
RESULTS ILVD DISCUSSION 
Sy n t  he s i s 
Reactions i n  c l a s s i c a l  dye chemistry have r e s u l t e d  i n  t h e  des i r ed  fused 
r i n g  system, as il u s t r a t e d  by t h e  react ion of ph tha l i c  anhydride wi th  o- 
phenylene diamine.i By extending t h i s  react ion t o  dianhydrides and tetra- 
m i n e s  with two p a i r s  of  ortho-diamines, ue have been a b l e  t o  prepare poly- 
mers which we have c a l l e d  s tep ladder  ( p a r t i a l  l adde r )  and ladder  poly- 
imidazopyrrolones , o r  "Pyrrones" . 
ow 6 8 + H2Q:;;;- N pJcq n 
PMDA TAB 
An example of a s tep ladder  polyimidazopyrrolone i s  shown by t h e  r eac t ion  of  
3 , 3 '  ,4,4 '-benzophenone te t racarboxyl ic  dianhydride (BTDA) with 3,3'-diamino- 
benzidine (DAB).  
t h e i r  s t r u c t u r e s ,  t h e  r e su l t i ng  polymer s t r u c t u r e  has only p a r t i a l  l adder  
charac te r ;  t h a t  i s ,  sho r t  l adder  segments separated by s i n g l e  bonds, On 
t h e  o the r  hand, i f  dianhydrides,  such as pyromel l i t i c  dianhydride (PFOA) 
a r e  renc ted  with t e t r a m i n e s ,  such as 1, 2 ,  4, 5-tetraminobenzene (TAB), t h e  
r e s u l t  i s  a polymer with a po ten t i a l ly  complete ladder  s t ruc tu re .  
Since both of these  monomers have s ing le  junc tures  i n  
The v e r s a t i l i t y  of  t h i s  reac t ion  scheme i s  apparent when one considers  
t h e  number of copolymers which could r e su l t  by combining d i f f e r e n t  anhydrides 
and m i n e s .  
s t a r t i n g  with a minimum of  four, and thus  makes it poss ib le  t o  con t ro l  t h e  
polymer proper t ies  t o  a c e r t a i n  ex ten t ,  
This allows f o r  va r i a t ion  of t h e  number of t he  fused ring's 
The general  technique of  polymerization involves t h e  ca re fu l ly  con- 
t r o l l e d  reac t ion  of  a dianhydride w i t h  a t e t r a m i n e  i n  highly-polar so lvents  
such as dimethylformamide , dimethylacetamide , and dimethylsulfoxide,  The 
room temperature r eac t ion  is  extremely r ap id  and leads  t o  a s l i g h t  tempera- 
tu re  r i se ,  accompanied by an increase  i n  v i scos i ty .  Adjustment o f  t h e  v is -  
c o s i t y  t o  t h e  des i red  l e v e l  can be accomplished by t h e  addi t ion  of  small 
incremental  amounts of dianhydride. ' A proposed mechanism i s  i l l u s t r a t e d  
below by t h e  r eac t ion  of pyromel l i t i c  dianhydride with 3,3' ,b,b'-tetra- 
aminodiphenyl e t h e r ,  
n 
n 
[ 1,2-a: 1' ,2 ' -a' ]benzo[ 1,2-c : 4 , 5-c1 1 dipyrrol-'7 ,lfi-di=) 
l i n e a r  polymiitle w i t h  unreacted amino and carboxyl groups. This  s t age  i s  
r e fe r r ed  t o  as the  A-A-A prepolymer, which e x i s t s  as a completely so luble  
dope. 
cyc l i za t ion  s t eps  by e i t h e r  o r  both of  two routes, through t h e  polybenzimida- 
zo le  o r  polyimide s t r u c t u r e s ,  and t ence t o  t h e  f i n a l  form. 
der ived from Pat te rson’s  Ring Index’ appears t o  be ample j u s t i f i c a t i o n  f o r  
When heated,  t h i s  polymer undergoes two consecutive dehydration- 
Nomenclature 
r e f e r r i n g  t o  these  polymers as “Pyrrones ,I‘ 
>lost of t he  te t raamines can be used as  f r e e  amines. Ifowever, pa r t i c -  
u l a r l y  unstable  te t raamines,  e ,g .  1,2,4,5-tetraaminobenzene &e more 
e a s i l y  handled as t h e  te t rahydrochlor ide sa l t s ,  The use of t h e  sa l t  re- 
qu i r e s  an a c i d  acceptor ,  such as pyridine,  t o  t ake  up hydrochlor ic  ac id ;  
otherwise t h e  experimental  procedure is the  same. 
Evidence f o r  t he  proposed s t ruc tu res  of t h e  polymers has been deduced 
Figure l a  shows t h e  s p e c t r a  of a 
e 4  
from t h e  i n f r a r e d  spec t r a  of t h i n  fi lms. 
film with a th ickness  of 0.15 m i l  
dianhydride and tetraaminodiphenyl e the r  (TADF’O) , at t h e  A-A-A polymer 
s t age  and a t  t h e  thermally-converted imidazopyrrolone s tage .  The d is -  
appearance of  secondary amide bands a t  1650, 1540, and 1280 cm” i s  
apparent as w e l l  as those of  carboxyl bands a t  1720, 1605, and 1225 cm’l. 
The development o f  imide bands a t  176 
ance of an imidazole band at  1620 cm-’ fu r the r  support  t h e  proposed 
s t r u c t u r e .  
which was prepared from pyromel l i t i c  
and 720 cm” along with t h e  appear- 
F igure lbshows t h e  similar evidence f o r  t h e  ex is tence  o f  t h e  all-  
ladder  s t r u c t u r e  of  t h e  PMDA-tetraaminobenzene polymer. 
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Figure 2 shows the loss of amino (3355 and 3450 cm-'l) and amide (3230 
crn'l) nitrogen-hydrogen stretching bands, together with the disappearance 
of carboxyl oxygen-hydrogen absorption (2800 clp-1) for the pyromellitic 
dianhydride-tetraaminodiphenyl ether polymer. 
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FIGURE 2. - INFRARED SPECTRA OF PMM-TADPO POLmER 
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PROPERTIES 
Some of t h e  p rope r t i e s  of the polyimldazopyrrolones have been l i s t e d  
i n  T a b l n  
c e l l e n t  s o l u b i l i t y  of t h e  prepolymer makes it poss ib l e  t o  use c l a s s i c a l  
so lu t ion  techniques f o r  cha rac t e r i za t ion .  The s o l u t i o n  v i s c o s i t i e s  o f  0.5- 
1.5 and number average molecular weights of 7,000-20,000 are t y p i c a l  Of 
condensation polymers. 
While t h e  f i n e l  polymer-is insoluble and i n f u s i b l e ,  t h e  ex- 
Table I 
Representative P rope r t i e s  of Poly( Imidazopyrrolones ) 
Solut ion P rope r t i e s  A-A-A S tage  Pyrrone Stage 
I n t r i n s i c  Viscosi ty  (25O, DMF) 0.5-1.5 dl /g .  Insoluble  
Solvents DMF, DMAC, NMP, 11 
bfn (Osmotic Pressure)  7,000-20,000 11 
DMSO, etc .  
Film Prope r t i e s  
Tensi le  Strength 10-15 KpSi 15-22 KpSi 
Elongat ion 25-35% 3-7% 
Young s Modulus 200-400 Kpsi 600-1,000 Kpsi 
S p e c i f i c  R e s i s t i v i t y  ( 2 5 O C )  
F i e l d  Strength 2 x 105 v/cm 6 x 105 v/cm 
6 x 109 ohm-cm 3-5 x 1012 ohm-cm 
The t r a c t a b i l i t y  of t h e  A-A-A polymer a f fo rds  a way t o  process t h e  
Films have been obtained by c a s t i n g  t h e  A-A-A polymer dope 
polyimidazopyrrolones as t h i n  f i lms,  coatings and r e s i n s  f o r  composite 
s t r u c t u r e s ,  
onto g l a s s  p l a t e s  a f t e r  which solvent  was removed by heating i n  an oven a t  
125OC f o r  one hour. The r e s u l t i n g  yellow f i lms ,  which were only l i g h t l y  
converted a t  t h i s  s t age ,  could be s t r ipped from the  g l a s s  p l a t e s .  Further  
c y c l i z a t i o n  occurred with add i t iona l  heating, After one hour at 225', t h e  
f i lms were general ly  blood red i n  color, while a f t e r  t h r e e  hours at 325' 
t h e  films were black by r e f l e c t e d  l i g h t  bu t  a deep red by t ransmit ted l i g h t .  
The f i b s  were c l e a r ,  tough and moderately f l e x i b l e  at  a l l  s t ages  of con- 
vers ion.  The f i lms have exce l l en t  t e n s i l e  s t r eng ths  while t h e  low elonga- 
t i o n  and unusually high modulus values a r e  i n  keeping with t h e i r  r i g i d  
ladder  s t r u c t u r e s  . 
Radi i t i on  Ef fec t s  
Since polymers w i t h  a s h i g h l y  aromatic s t r u c t u r e  w i l l  i n  general  with- 
s t and  ionizing r a d i a t i o n ,  it w a s  expected t h a t  t h e  imidazopyrrolone s t ruc -  
t u r e s  would show a high l e v e l  of r ad ia t ion  r e s i s t ance .  On t h e  b a s i s  of 
preliminary results, t h e  imidazopyrrolones appear t o  be one of t h e  most 
r ad ia t ion - re s i s t an t  polymers t o  be developed t o  date.  
was obtained on 1 m i l  films from a PMDA-TADPO polymer. 
The da ta  i n  Table I1 
Table I1 
Radiation Effects  on PMDA-TADPO Films 
Dose Strerigth ( K p ~ i  1 Tangent Elongat ion 
I d \  Yield Tensile Modulus (KDSi j -JMegarads) 
Control 9.2 17.9 730 9 
1,000 12.2 16.8 . 
14.2 20.2 
1@% 15 e 17.3 
8 30 3 
3 
The doses of one MeV e l ec t rons  were applied a t  a rate o f  1,000 megarade 
per  hour. 
sealed a t  10-7 t o r r .  
add i t iona l  cyc l i za t ion  o r  conversion, there  is c l e a r l y  no e i g n i f i c a n t  e f f e c t  
on f i lm p rope r t i e s  even a f t e r  a 10,000 megarad dose of 1 Mev e l ec t rons .  
Specimens were degassed f o r  72 houra at 50°C/10-7 t o r r  and 
After  an i n i t i a l  e f f e c t  of solvent  expulsion and 
Thermal S t a b i l i t i e s  
The high degree of r ad ia t ion  s t a b i l i t y  i s  undoubtedly due t o  extensive 
de loca l i za t ion  which would a l s o  be expected t o  provide except ional  thermal 
s t a b i l i t y  t o  t h e  poly( imidazopyrrolones). 
be l ieved  t h a t  t h e  polyimidazopyrrolones are t r a c t a b l e  precursors  t o  pyro- 
l y t i c  g raph i t e  mater ia ls .  
analyses of a converted pyromell i t ic  dianhydride-diaminobenzidene polymer 
(PMDA-DAB)”and py ro ly t i c  graphi te ,  run i n  a i r ,  It is i n t e r e a t i n g  t o  note  
t h a t  the maximum rates of weight losa for  bo th  ma te r i a l s  are nea r ly  i d e n t i -  
c a l  . 
From preliminary data, it i s  
Figure 3 shows comparative thermogravimetric 
. 
5 40 
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Figure 4 shows comparative thermogravimetric analyses f o r  two films prepared 
from a pyromel l i t i c  dianhydride-tetraaminodiphenyl e t h e r  polymer, at  two 
l e v e l s  of conversion and a r e l a t e d  polyimide fi lm. 
loss of weight of the PMDA-TADPO film 1, which was a t  an intermediate stage 
of condensat ion,resul ts  from f u r t h e r  conversion as w e l l  as solvent  l o s s  . 
This  low temperature weight loss i s  nearly el iminated i n  t h e  p l o t  of t h e  
TGA performed on PMDA-TADPO film 2, which w a s  a t  an extremely high l e v e l  o f  
eon.rtrsian e 
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The unusual thermal s t a b i l i t y  of the imidazopyrrolones is a l s o  be- 
l i e v e d  t o  be r e f l e c t e d  i n  the  elemental analyses i n  which t h e  carbon values 
f o r  the converted polymers a r e  as much as 7% lower than the  t h e o r e t i c a l  
values.  
than theory f o r  py ro ly t i c  g raph i t e ,  which ind ica t e s  the  inadequacy o f  t h e  
a n a l y t i c a l  method t o  degrade the  thermally s t a b l e  polymers, 
ni t rogen values a r e  i n  good agreement with t h e o r e t i c a l  values, perhaps 
because t h e  Kjeldahl nitrogen ana lys i s  is a chemical ana lys i s ,  independent 
o f  t h e  thermal behavior of t he  polymers. 
The i d e n t i c a l  a n a l y t i c a l  procedure gives carbon values 5% lower 
However, 
"he gradunl l o s s  of solvent from polymer films a t  temperatures up t o  
500°C appears t o  be one of t h e  most i n t e r e s t i n g  f a c e t s  of t h e  polyimidazo- 
pyrrolone system, 
unus'ually s t a b l e  complex between these polymers and t h e  highly po la r  sol-  
vents  i n  which they are prepared. 
i s o l a t e d  and s tud ied  f o r  aromatic acid8 and anhydrides. We assume t h a t  
t h e  same s o r t  of complex can e x i s t  i n  polymers, e spec ia l ly  f o r  t h e  very 
p o l a r  A-A-A polymers, with a high concentration of amide, ac id ,  and amine 
func t iona l  groups, Figure 5 show8 plots  of power f a c t o r  loss versus tem- 
pe ra tu re  f o r  a PMDA-DAB polymer. This measurement has o f t en  been used t o  
measure t h e  g l a s s  t r a n s i t i o n  temperature of polymers. 
curve 1 t h e  two small peaks a t  1O5-11O0C and 33OoC may be a t t r i b u t e d  t o  
l o s s  of water of cyc l i za t ion  and expulsion of t ightly-coordinated o r  reacted 
so lven t ,  respect ively.  
A number of experiments point  t o  the exis tence of a n  
Such complexes have tjreviously been 
I n  t h e  i n i t i a l  
The results of thermal cycl ing of t he  polymer are 
. . . . . . -.I.- .. - 
shown by curve 2, Figure 5. 
of 4 7 5 O C  is quite unusual and work is i n  progress t o  study t h i s  phenomenon. 
The apparent g l a s s  t r a n s i t i o n  temperature 
I I 1 I I 
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FIGURE 5 .  - POWER FACTOR VS. TEMPERATURE 
Many o f  t he  p o t e n t i a l  appl icat ions o f  
f i b e r g l a s  very wel l ,  and fi lament winding appl icat ions a r e  a l s o  being 
s tud ied .  
pared w i t h  r e s i n  contents as low as 10%. The prepolymers have been molded 
i n t o  f i l l e d  and u n f i l l e d  forms, using high pressures  and moderate tempera- 
tures. 
app l i ca t ions  may result, since t h e  e l e c t r i c a l  p rope r t i e s  vary at  d i f f e r e n t  
conversion stages. 
he Pyrrones such as films, coat ings,  
and adhesives a r e  being invest igated.  4 he  A-A-A polymer solut ion wets 
Thick glass f a b r i c  laminates wi th  good s t r eng th  have been pre- 
Preliminary ind ica t ions  a re  t h a t  a v a r i e t y  of unique e l e c t r i c a l  
EXPWIMWAL 
Monomers and Solvents 
Pyromelliti 'c dianhydride (PMDA) (Hexagon Laboratories,  Inc. and Frince- 
ton Chemical Research) was p u r i f i e d  by sublimation a t  22'j0/0.5 mm. 3.3' ,4,4'- 
Benzophenone t e t r aca rboxy l i c  acid dianhydride (BTDA) ( G u l f  Chemical Corpora- 
t i o p )  was sublimed at 240°/0,5 mm, 
3,3'-Diaminobenzidine (DAB) (Koppers Chemical Co.) was p u r i f i e d  by 
r e c r y s t a l l i z a t i o n  from water with charcoal treatment . 1,2,4,5-Tetraamino- 
benzene te t rahydrochlor ide (TAB) ( Burdick and Jackson Laboratories,  Inc , ) . 
was p u r i f i e d  by dissolving i n  t h e  minimum mount  of water, t r e a t i n g  
9 with  charcoal and r e p r e c i p i t a t i n g  w i t h  concentrated hydrochloric acid.  3,3' ,4,4'-Tetraaminodiphenyl e t h e r  (TADW) was prepared by a modification 
of an e a r l i e r  procedure.1° 
Solvents were p u r i f i e d  by d i s t i l l a t i o n  from phosphorus pentoxide and, 
i n  c e r t a i n  cases ,  an add i t iona i  d i s t i l l a t i o n  from pyromell i t ic  dianhydride 
was perfahned. 
So lu t ion  Polycondensation 
Poly(Oxy-7H. l5H-2. 10-bis-benzimidazo[1.2-a:1'.2'-a'] benzo [1.2-c: 
4.5-c ' 1 dlpyrrol-7. 15-dlone ) 
The general  procedure f o r  polymerizing dianhydrides with te t raamines 
as the  f r e e  base can be i l l u s t r a t e d  by t h e  preparat ion of t he  polymer .from 
PMDA and TADPO. A so lu t ion  of 4.20 g. (0,0192 mole) of PMDA i n  40 m l .  o f  
DIP was added a t  once t o  a stirred so lu t ion  of 4.60 e. (0.020 mole) of 
3.3' ,4,4'-tetraaminodiphenyl e t h e r  i n  35 m l .  of  DMF i n  a Waring blendor. 
The so lu t ion  thickened s l i g h t l y  and become warm (35-40°) within 15-20 
seconds. 
o f  a so lu t ion  of 0.30 g. (0.0014 mole) of PMDA i n  5 m l .  of DMF was added 
dropwise t o  the  s t i r r e d  polymer solut ion u n t i l  t h e  desired v i s o o s i t y  w a s  
obtained. 
The s t i r r i n g  was continued for  5-10 minutes a f t e r  which a po r t ion  
A port ion of t h i s  so lu t ion  was added t o  acetone, and t h e  p r e c i p i t a t e d  
polymer was co l l ec t ed  by f i l t r a t i o n ,  washed we l l  with acetone, and d r i e d  
under vacuum a t  room temperature. 
C ,  56.03; H ,  4.34; N ,  12.54; 0,  25.15. 
f o r  one hour, t h e  ana lys i s  was as follows. 
[ t h e  poly(imidazopyrrolone)]: 
Found: 
Calculated for  (C22II 6N4O7ln [poly- 
(amide-acid-amine)]: C ,  58.93; H,  3.60; N ,  12.50; 0 ,  2 t .98. Found: 
After  heat ing t h i s  polymer a t  425' 
Calculated f o r  (C22H8N403)n 
C ,  70.21; H ,  2.14; N ,  14.89; 0 ,  12.76. 
C ,  63.29; H ,  2.88; N ,  14.77; 0, 16.64. 
Poly(Imidazopyrro1one) from Pyromelli t ic Dianhydride and 1 n 2 n 4 n 5 -  
Tetraaminobenzene 
Since 1,2,4,5-tetraaminobenzene i s  extremely suscep t ib l e  t o  a i r  oxidation, 
polymers from this .  tetraamine were prepared using t h e  te t rahydrochlor ide 
sal t .  
added slowly, i n  a dropwise fashion,  t o  a s t i r r e d  slurry of 5.68 g .  (0.020 
mole) of t h e  hydrochloride s a l t  i n  35 m l .  of DMF and 6.32 g. (0.080 mole) 
of pyridine.  The polymerization mixture was blanketed at a l l  times with 
ni t rogen.  The r e s u l t i n g  viscous polymer so lu t ion  w a s  u t i l i z e d  as prepared 
f o r  coat ings,  f i lnis,  etc. ,  o r  the polymer was p r e c i p i t a t e d  by add i t ion  of 
t h e  so lu t ion  t o  aqueous ethanol ,  and washed successively with aqueous 
ethanol  and acetone t o  remove pyridine hydrochloride, a f t e r  which it was 
red i r ro lvad  in DMF for f u r t h e r  aharacter ieat ion.  
A so lu t ion  of 4.36 g. (0.020 mole)  of PMDA i n  40 m l .  o f  DMF was 
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